A detailed comparative theoretical analysis on both carrier and photon confinement of dilute nitride direct bandgap GaN x As 1−x−y P y with that of GaAs 1−y P y on Si substrates is presented. Model calculations indicate that optical confinement factor of GaAs 1−y P y /GaP is greater than that of GaN x As 1−x−y P y /GaP for all concentrations.
Introduction
The never-ending quest to find easy to manufacture, efficient, and cost effective optoelectronic devices that would satisfy the need for high performance devices operating in the optical telecommunication wavelength range of 1.3 µ m has brought us to GaP-based III-N-V material systems. GaP-based GaAs 1−y P y alloys have found applications in optoelectronic devices for a long time, and as a result the physical properties of these alloys such as atomic structure, energy band structure, and effective mass have been studied in great detail. However, the lack of suitable substrate leading to GaAs 1−y P y alloys to be grown on GaP substrates causes problems such as lattice mismatch [1] , matching refractive index, and poor band structure configuration [2] , which yield decreased layer thickness, poor carrier and optical confinement, and reduced electron effective mass [3] . With the incorporation of nitrogen (N) into GaAs 1−y P y alloy, these physical properties have been changed significantly and these major challenges are overcome [4] . Arsenide (As)-rich dilute nitride Ga(NAsP) is lattice matched to GaP and hence Si substrates with a direct band gap [5, 6] .
The primary and important factor of designing a semiconductor quantum well laser is the confinement of both carrier and optical mode. Confinement of carriers is ultimately determined by the band offset design of the heterostructures. Optical mode is related to the refractive index difference between the active layer and cladding layer of the waveguide. It is known that the refractive index strongly depends on the direct band gap of the semiconductor materials and the band gap of III-V semiconductor material system can be modified by means of incorporating nitrogen into the host semiconductor GaAsP. In this paper, we present the results of comparative theoretical analysis of carrier and photon confinement by determining electronic band offsets, refractive indices of the heterostructures, and corresponding optical confinement factors of the proposed III-N-V laser material systems Ga(NAsP) with an AlGaP cladding layer on Si substrates. The paper is organized as follows. The material composition that yields the optimum band configuration of Ga(NAsP) is presented in Section 2. The concentration dependence of optical confinement and its comparison with the host matrix GaAs 1−y P y are studied in Section 3. Our conclusions are presented in Section 4. Required theoretical models are presented in each of the related sections.
2. The modelling of the band structure of GaAs 1−y P y and GaN x As 1−x−y P y For a well-designed optoelectronic material, the structure and form of its band alignment is an important factor. The band alignment is defined by band discontinuity between the active layer and barrier and the distribution of this discontinuity over relative bands. The distributed discontinuity of conduction and valance bands are represented as ∆E c and ∆E v , respectively. Physical properties of the constituent semiconductor alloys characterize how the band discontinuity is generated. It has been shown that incorporating N into Ga(NAsP) affects its conduction band states, which leads to an increase in conduction band offset Q c , and a small discontinuity in the valence band edge [7] . In accord with Van de Walle's model solid theory [8] the band offset ratio for conduction and valence band, Q c,v , is determined by discontinuity fractions of ∆E c / ∆E g .
The energy of the potential barrier, ∆E g , is determined from the difference between the bulk bandgap energy of barrier layers and strained bandgap energy of the active layer. Conduction band edge energy can be found by adding strained bandgap to the valence band edge energy, which is chosen as zero. The valence band edge energy is
where E v,av (x, y) is average energy of valence band and ∆ 0 is energy of spin-orbit split-off band. Table 1 provides all the related parameters. The shift in conduction band energy can be calculated as 
where
and where a c and a v are the conduction-and valance-band hydrostatic deformation potentials, b is the valance band shear deformation potential, and C 11 and C 12 are elastic stiffness constants. The strained band gaps can be expressed as
The conduction band position is
where E and As-rich GaN x As 1−x−y P y type I quantum well with GaP barriers on Si substrates. A closer investigation of Figure 1a shows clearly that incorporation of N into GaAs 1−y P y provides an improvement for band alignment configuration. Conduction band offset ratio Q c for GaAs 1−y P y is less than its valance band offset ratio Q v , which causes the band offset energy of the conduction band ∆E c to be less than the valance band offset energy ∆E v . This is an undesired band alignment structure that may cause an electron spill out to the barriers. By incorporating N into GaAs 1−y P y , band alignment is improved substantially.
The calculations presented in Figures 1a and 1b show distinctly the improvement in band alignment due to incorporation of N into host matrix GaAs 1−y P y . With the incorporation of N into GaAs 1−y P y , valance band offset ratio Q v is now less than conduction band offset ratio Q c . This will in turn increase Q c and decrease Q v gradually. For the corresponding band offset energies of ∆E c and ∆E v , one can see that there is a significant development of band alignment in GaN x As 1−x−y P y compared to that of the host matrix GaAs 1−y P y . This development is achieved with a higher nitrogen and a lower phosphide concentration in GaN x As 1−x−y P y . Larger ∆E c , in turn, yields an improved confinement condition for electrons in wells and Ü NSAL and GÖNÜL/Turk J Phys effectively decreases the electron spill out. This is due to incorporated N that mainly affects conduction band energy states. As a result, the incorporation of nitrogen into GaAs 1−y P y mainly affects conduction band offset energy and there are only minor changes in valence band offset energy. Overall, an ideal band alignment of deep conduction-and shallow valence-wells can be achieved in GaN x As 1−x−y P y /GaP structure with a lower phosphide concentration.
Five-layer symmetric slab modelling and results
The obtained laser light should be confined in the heterostructure. For this aim different type waveguides have been produced. One of these waveguides is five-layer slab waveguide [11] and so we performed our calculations according to this waveguide type. The structure is shown in Figure 2 .
Using the five-layer slab waveguide method, optical confinement factor can be obtained as Figure 2 . Illustration of the five-layer slab waveguide.
If t → it
The concentration dependence of refractive indices of well-and cladding layer material are given in Table 2 for different concentrations. Table 2 indicates that refractive index of GaN x As 1−x−y P y decreases with N concentration. To satisfy and improve the conditions of internal reflection for the five-layer slab waveguide shown in Figure 2 , the refractive index of the GaN x As 1−x−y P y layer, which is denoted as n 1 , must be greater than that of the barrier and cladding layer, which are denoted as n 2 and n 3 , respectively. To achieve better internal reflection, the refractive index of the cladding layer should be minimized. Thus, the incorporation of Al into GaP and use of Al z Ga 1−z P as a cladding layer can be offered as a solution. The choice of Al z Ga 1−z P as a cladding layer can cause a decrease in the refractive index without adding strain to the material system due to insignificant lattice mismatch between AlP and GaP. We assume a total loss of 50 cm −1 for the Fabry Perot laser cavity. The cavity length L is taken as 1500 µ m. In comparison to the refractive index of GaAs and GaP, the refractive index of GaN is much smaller. Therefore, introduction of N into host material GaAs 1−y P y causes an undesired decrease in refractive index of GaN x As 1−x−y P y QW. Hence, the index difference between GaN x As 1−x−y P y well and GaP barrier decreases as well. This reduced index difference between well and barrier is expected to cause a decrease in optical confinement factor, Γ . In order to improve Γ, a cladding layer of Al z Ga 1−z P is suggested. The most important advantage of Al z Ga 1−z P as a cladding layer is being lattice-matched to Si substrate in the Ga(NAsP)/GaP material system. Thus, the waveguide model is employed to investigate the optical confinement factor [11] for Ga(NAsP)/GaP/Al z Ga 1−z P. All required parameters are provided in Table 1 . Figure 3a compares the rate of change in the optical confinement factor of the two proposed 70Å single QW laser systems of GaAs 1−y P y /GaP/Al 0.3 Ga 0.7 P and GaN x As 1−x−y P y /GaP/Al 0.3 Ga 0.7 P on Si substrates. We first try to show phosphide concentration dependence of Γ for the two QW systems taking the index of refraction of active, barrier, and cladding layers at each composition into account. We choose the aluminum concentration in the confining layer as 30% in both systems. As can be seen from Figure 3a , the GaAs 1−y P y /GaP/Al 0.3 Ga 0.7 P material system has a higher confinement factor than that of GaN x As 1−x−y P y /GaP/Al 0.3 Ga 0.7 P. This is due to GaN having a much smaller refractive index than other constituent binary compounds. In addition, an increase in phosphide concentration reduces Γ in both systems as GaAs have the largest refractive index in the material composition, and therefore any reduction in As concentration results in a lower refractive index for the active layer. Secondly, these calculations show clearly how Γ decreases with increasing nitrogen concentration for the GaN x As 1−x−y P y /GaP/Al 0.3 Ga 0.7 P material system. Thus, an increase in nitrogen and phosphide concentration in the well leads to a poor photon confinement in GaN x As 1−x−y P y /GaP/Al 0.3 Ga 0.7 P. However, increasing the Al concentration in the cladding layer, Al z Ga 1.0−z P, the optical confinement factor can be improved substantially. As seen in Figure 3b the optical confinement factor of GaN x As 1−x−y P y /GaP/Al 0.3 Ga 0.7 P increases with Al concentration and its value approaches that of GaAs 0.9 P 0.1 , showing promising properties as far as the optical confinement factor is concerned. The nitrogen concentration is varied between 1% and 4% for the quaternary system.
Summary and conclusions
We have made a comprehensive theoretical comparative analysis of carrier and photon confinement properties in GaAs 1−y P y /GaP/Al z Ga (1−z) P and GaN x As 1−x−y P y /GaP/Al z Ga (1−z) P laser systems on Si substrates.
Using model solid theory on the GaN x As 1−x−y P y /GaP material system, band offset energies and ratios are calculated. The results indicate that conduction band offset energy increases in leaps with the addition of small percentages of N, removing the problem of carrier leakage in GaAs 1−y P y /GaP due to its poor band offset configuration. High As concentration in both material systems provides slightly larger conduction band offset energies but not as much as one could get from N incorporation. Even though band offset configuration and carrier confinement benefit from N incorporation, due to the low refractive index of GaN, optical confinement of the GaN x As 1−x−y P y /GaP laser system is slightly worse than that of GaAs 1−y P y /GaP laser systems while having an advantage on the strain levels over GaAs 1−y P y /GaP laser systems. However, introducing
Al z Ga (1−z) P as a cladding layer to GaN x As 1−x−y P y /GaP heterojunction, the optical confinement factor can be improved substantially. In summary, significant improvements in the aspects of carrier and photon confinement are shown for the compressively strained laser system of GaN x As 1−x−y P y /GaP/Al z Ga (1−z) P.
